In this work we study the possible QCD exotic states in the doubly charmed baryon sector. Within chiral effective theory, it is predicted that several excited baryons result from the S-wave scattering of ground-state doubly charmed baryons (Ξ
Introduction
Since the discovery of X(3872) [1] , the study of QCD exotic hadronic states with open/hidden heavy flavors has become the most active research topic in hadron physics. Many comprehensive review articles with different perspectives have appeared to highlight the thriving studies in this research area [2] [3] [4] [5] [6] . Up to now, the exotic-state studies have covered the hidden heavy flavor mesons and baryons, open heavy flavor mesons and baryons with one heavy quark. Investigations of the exotic baryons with two heavy flavor quarks are still rare. The current work extends the QCD exotic studies in the doubly charmed baryon sector.
The ground-state doubly charmed baryons with spin 1/2 are expected to have three members-Ξ ++ cc , Ξ + cc , and Ω + cc -with the valence-quark components ccu, ccd, and ccs, respectively. There is a long-standing puzzle regarding the experimental observation of such states. The SELEX Collaboration has observed the mass of the singly charged state Ξ + cc to be 3519 ± 2 MeV [7, 8] . Nevertheless, this state was not seen by the FOCUS [9] , BaBar [10] or Belle [11] collaborations. The existence of the doubly charmed baryon Ξ ++ cc with a mass of 3621.4 ± 0.78 MeV was recently confirmed by the LHCb Collaboration [12] . This observation has been the focus of many recent theoretical works [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In this work we further investigate the possible exotic states in the scattering of ground-state doubly charmed baryons (Ξ ++ cc , Ξ + cc , Ω + cc ) and the light pseudoscalar mesons (π, K, η). Chiral effective field theory provides a reliable framework to perform such a study. The leadingorder calculation, which includes the Weinberg-Tomozawa/contact interactions, and the sand u-channel ground-state exchanges, shall be carried out. The possibly strong interactions between the ground-state doubly charmed baryons and light pseudoscalar mesons are taken into account through the unitarization approach. With this setup, we are able to predict the scattering lengths, phase shifts, line shapes, excited baryon resonance pole positions, and their coupling strengths.
2 Chiral Lagrangian, partial-wave amplitude, and its unitarization
The ground-state doubly charmed baryons are expected to form a chiral triplet,
The light pseudoscalar mesons (π, K, η) are identified as the pseudo-Nambu-Goldstone bosons (pNGBs) of QCD, which are introduced into the chiral Lagrangian through [23] 
F represents the pion decay constant in the chiral limit. The leading-order (LO) chiral Lagrangian consisting of doubly charmed baryons and light pNGBs reads [24] [25] [26] 
with
The axial-vector coupling constant g A was estimated in Ref. [26] . The same value |g A | = 0.2 shall be used here. Three types of Feynman diagrams corresponding to the light pNGBs scattering off the doubly charmed baryons arise from the Lagrangian in Eq. (4), which are illustrated in Fig. 1 . The Weinberg-Tomozawa/contact interactions are contributed by the first term in Eq. (4), while the s-and u-channel exchanges are given by the g A term.
(wt) (u) (s) The scattering amplitudes for ψ cc ,A (p) φ i (q) → ψ cc ,B (p ′ ) φ j (q ′ )-which are the sum of the three diagrams in Fig 1-denoted as T Ai→Bj , can be calculated using the LO Lagrangian. The explicit expressions are
where p C and m C stand for the momentum and mass of exchanged baryons in the s and u channels. For the s channel p C = p + q, and for the u channel p C = p − q ′ . The general scattering processes of ψ cc ,A φ i → ψ cc ,B φ j can be decomposed into seven independent channels with definite strangeness and isospin quantum numbers. The symmetry coefficients F wt , F s , and F u in Eq. (7) for different processes are summarized in Table 1 , where the exchanged particles in the s and u channels are also indicated. (7). The processes are labeled by strangeness (S) and isospin (I). The particle contents accompanying the coefficients F s and F u indicate the exchanged doubly charmed baryons.
We proceed to perform the partial-wave projections and only the S-wave scattering will be considered. The S-wave projection formula for the baryon-meson scattering reads
where W is the center-of-mass energy , σ denotes the third component of the spin for the incoming and outgoing baryons and Ω stands for the solid angle of the scattered three-momentum. Notice that the process indices are omitted in Eq. (8) for simplicity.
Bound states or resonances may appear in the two-body scattering if the interactions are strong enough. A prominent example is D * s0 (2317), which can be nicely explained as the bound state from the scattering of charmed mesons and light pNGBs [27] [28] [29] . Another example is Λ(1405). The interactions of the light baryon octet and pNGBs in the strangeness −1 channel are so strong that Λ(1405) can be naturally generated in their scattering [30] [31] [32] [33] . In this work we are interested in exploring whether excited doubly charmed baryon bound states or resonances could appear in the ground-state baryons and light pNGBs scattering. Thus, unitarity plays a key role in this kind of study. A similar unitarization approach following the previous studies on D * s0 (2317) and Λ(1405) shall be used. This approach is an algebraic approximation of the N/D approach and the final scattering amplitudes respecting right-hand unitarity read [30, 34] 
where s = W 2 and T (s) is the partial-wave amplitude calculated in Eq. (8) . This formalism has been widely used in many phenomenological discussions [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The function G(s) only contains the right-hand or unitarity cuts contributed by the two-particle intermediate states and is given by the standard two-point one-loop function
where s = P 2 , and m 1 and m 2 the masses of the two intermediate states. We use the sharp momentum cutoff to regularize the ultraviolet-divergent G(s) function. Then it is convenient to integrate out the zeroth component of the four-momentum integration in Eq. (10), which leads to
where w i = | q| 2 + m 2 i and Λ is the three-momentum cutoff. The explicit expression for G Λ (s) was given in Ref. [39] .
One can obtain the phase shifts and inelasticities from the S matrix, which is related to the unitarized amplitude T in Eq. (9) via S = 1 + 2i ρ(s) · T(s) · ρ(s). In the coupledchannel case, the kinematical factor ρ(s) corresponds to the diagonal matrix with the kth
, where m 1,k and m 2,k are the masses of the two intermediate states in the kth channel. The phase shifts δ kk , δ kl , and inelasticities ε kk , ε kl , for k = l, are given by S kk = ε kk e 2iδ kk and S kl = iε kl e iδ kl .
Results and discussions
To proceed with the phenomenological discussions, the values for the masses of the groundstate doubly charmed baryons and the cutoff scale Λ are needed. At LO, it is safe to neglect the isospin-symmetry-breaking effects and one can use the same mass for Ξ ++ cc and Ξ + cc . We take the newly measured value from LHCb. For Ω + cc , we use the value from Ref. [13] , which gives m Ω + cc = 3700 MeV. The LO pion decay constant F will be approximated by its physical value F π = 92.1 MeV [40] . For the axial-vector coupling g A , we verify that it plays a minor role in our numerical results; e.g., both |g A | = 0.2 and g A = 0 are used in our later study and only very slight changes are observed between the two situations. Therefore, we will only show the results with |g A | = 0.2.
The three-momentum cutoff Λ is the most sensitive parameter in our study. Its precise value can only be determined if data is available from the scattering of the ground-state doubly charmed baryons and light pNGBs. Unfortunately, neither experimental measurements nor lattice simulations can currently provide relevant data. Common sense tells us that the scale for the three-momentum cutoff Λ in hadronic processes is typically around 1 GeV. We take a conservative estimate for Λ of (1.0 ± 0.2) GeV. Dimensional regularization by replacing the divergence by a subtraction constant can be also used to calculate the G(s) function in Eq. (10) [39] . A theoretical way to determine the subtraction constant is to require that the unitarized u-channel amplitude has the same input pole as that exchanged in the s-channel case [41] . This amounts to imposing the vanishing condition for the corresponding G(s) function at the exchanged pole position. We apply this procedure to the Ω cc η → Ω cc η process with (S, I) = (−1, 0), and Ξ cc π → Ξ cc π and Ξ cc η → Ξ cc η with (S, I) = (0, 1/2), where the exchanged particles in the s and u channels are identical. The average value of the subtraction constants in these three processes is around −3.42 at the renormalization scale µ = 770 MeV. By requiring the equalities of the G(s) functions evaluated in the cutoff and dimensional regularization schemes at the thresholds, one can obtain the corresponding values for the three-momentum cutoffs in terms of the subtraction constants for different channels. The average cutoff scale Λ in the three channels is found to be around 900 MeV, which is well within our estimated range. This independent approach to determine the cutoff scale through the subtraction constants gives us further confidence about the reasonableness of the estimated region between 0.8 and 1.2 GeV.
In our notation, the S-wave scattering lengths are related to the unitarized amplitudes T(s) through
with s thr = (m ψcc + m φ ) 2 . The scattering lengths from various channels are summarized in Table 2 , which could provide useful reference values for future lattice simulations. We need to perform the analytical continuation of the scattering amplitudes, since the resonance pole is located in the complex energy plane on the unphysical Riemann sheet (RS). This can be realized by the analytical continuation of the G Λ (s) function through
where ρ(s) is the kinematical factor introduced previously. G Λ II (s) is the expression of the G Λ (s) function on the second RS. The physical/first RS is denoted by (+, +, +, ..., +), where the plus sign in each entry corresponds to the sign of the imaginary part of the G Λ (s) function at the corresponding threshold. The second RS is labeled by (−, +, +, ..., +). The pole positions and their residues obtained in different processes are collected in Table 3 .
A pair of bound and virtual states, appear near the threshold in the S-wave Ξ cc K scattering with (S, I) = (1, 0), implying a prominent enhancement around the threshold. In Fig. 2 , the Table 2 : Predictions of the scattering lengths using the parameter Λ ranging from 0.8 to 1.2 GeV. The central values are obtained with Λ = 1.0 GeV. For the Ξ cc K → Ξ cc K scattering with (S, I) = (1, 0), the scattering length becomes huge when Λ ≃ 0.9 GeV. As discussed later, the reason for this is that the bound-state pole approaches the Ξ cc K threshold for such a value of Λ. We simply present the three different scattering lengths obtained at Λ = 0.8, 1.0 and 1.2 GeV for this channel. Table 3 : Masses and widths of the resonance poles and their residues in the complex energy plane. The three numbers inside each set of parentheses are obtained by taking Λ = (0.8, 1.0, 1.2) GeV. For Λ = 0.8 GeV, we do not find the bound-state pole on the first RS with (S, I) = (1, 0). We verify that around Λ ∼ 0.9 GeV the bound-state pole in this channel approaches rather close to the Ξ cc K threshold.
steep increasing/decreasing phase shifts for the Ξ cc K scattering with (S, I) = (1, 0) are shown. According to the quantum numbers, the poles clearly cannot be explained by the conventional three-quark doubly charmed baryon. A resonant pole, with a mass around 4100 MeV and a width around 170 MeV, manifests in the Ω cc π and Ξ ccK coupled-channel scattering with (S, I) = (−1, 1) . The resonant peak can be seen in Fig. 2 . According to the quantum numbers, the resonant behavior cannot be due to a doubly charmed baryon with three quarks from the conventional quark model.
In the Ξ ccK and Ω cc η coupled-channel scattering with (S, I) = (−1, 0), a bound state around 150 MeV below the Ξ ccK threshold has been found. This doubly charmed bound state resembles the Λ(1405) [30] [31] [32] [33] and D * s0 (2317) [27] [28] [29] poles appearing in the scattering ofKN and DK, respectively. In addition, a virtual-state pole close to the Ξ ccK threshold is also found. The phase shifts from Ξ ccK → Ξ ccK are shown in Fig. 2 .
For the Ξ cc π, Ξ cc η and Ω cc K coupled-channel scattering, we see two clear resonant poles. The lower pole lies slightly above the Ξ cc π threshold, and its mass and width are around 3800 and 100 MeV, respectively. The higher pole lies around the two close thresholds of Ξ cc η and Ω cc K, and its mass and width are around 4150 and 35 MeV, respectively. According to their coupling strengths in Table 3 , the lower pole is very weakly coupled to the Ξ cc η channel. For the higher pole, its coupling strengths to the Ξ cc η and Ω cc K channels are similar, with the coupling to Ξ cc π being only around 1/2 of the former two channels. The line shapes of the scattering processes of Ξ cc π → Ξ cc π, Ξ cc π → Ξ cc η and Ξ cc π → Ω cc K , are given in Fig. 3 . Interestingly, we find that the higher resonance pole around 4150 MeV shows up as a dip, instead of a peak, in the Ξ cc π → Ξ cc π channel. In contrast, a prominent peak around 3800 MeV appears in the Ξ cc π → Ξ cc π scattering. For the Ξ cc π → Ξ cc η process, only the resonant peak around 4150 MeV manifests and the resonance pole around 3800 MeV barely shows up in this channel. For the Ξ cc π → Ω cc K scattering, both resonant peaks clearly show up in the regions of 3800 and 4150 MeV.
Conclusions
In this work, the leading-order chiral scattering amplitudes of the ground-state doubly charmed baryons and the light pseudo-Nambu-Goldstone bosons were calculated and then unitarized within the algebraic approximation of the N/D approach. To take the mass of Ξ cc from the new LHCb measurement and to estimate the mass of Ω cc and the axial-vector coupling from the literature, we carried out the comprehensive phenomenological discussions by estimating the three-momentum cutoff scale introduced in the unitarization procedure around 0.8 ∼ 1.2 GeV.
With these setups, a pair of bound and virtual poles appear around the Ξ cc K threshold with (S, I) = (1, 0) quantum numbers. One resonance pole with a mass and width around 4100 and 170 MeV, respectively shows up in the coupled-channel scattering of Ω cc π and Ξ ccK . According to the quantum numbers, the former two kinds of resonant enhancements cannot be due to the conventional doubly charmed baryons composed of three quarks. Therefore, the discovery of these two kinds of states would be a clear evidence for the existence of the exotic doubly charmed baryons.
Two prominent resonance peaks were found around the Ξ cc π and Ω cc K (very close to Ξ cc η) thresholds in the (S, I) = (0, 1/2) channel. Very interestingly, one bound state of doubly charmed baryon appears below the Ξ ccK threshold with (S, I) = (−1, 0) quantum numbers, 
